Melts of bimodal (tube) 
The processing of polymers via a melt stage is mainly carried out owing to shear strain. At the same time, on passing from the barrel to the shaping head of the extruder, the melt flows from a channel of greater diameter into a channel of smaller diameter, and, at entry into the narrow channel, entrance losses occur. The main contribution to the entrance losses is made by tensile strain. It is the tensile strain that forms the velocity profile, which then evolves over the length of the channel, tending to adopt the parabolic shape characteristic of stationary flow. Thus, both shear strain and tensile strain actually take part in flow formation. Therefore, a study of the main laws governing the flow of a viscoelastic polymer melt must be based on a study of both shear and tension.
From this viewpoint, it was of interest to compare the rheological behaviour of tube-grade polyethylene produced comparatively recently by industry, and known as bimodal polyethylene, with that of normal high-density polyethylene (HDPE) with its inherent monomodal molecular weight distribution. Taking into account the great difference in these polymers in terms of their static durability under the action of thrust forces in the tube, a difference in their rheological properties could also be assumed.
The investigation was conducted on specimens of polymodal polyethylene (PE100) from different manufacturers, and their rheological properties in shear and tension were compared with the properties of industrial specimens of HDPE (PE63). Table 1 gives grades of industrial polyethylene specimens from manufacturers from different countries. Specimens were grouped according to their durability (PE100, PE80), with a separate group of home-produced industrial HDPE specimens.
The rheological properties in shear included standard measurements of the melt flow index (MFI) (load 5 kg, temperature 190°C), or values of the MFI under the same conditions were taken from the batch certificates. Melt flow curves were also obtained on a standard MV-3M viscometer in the shear stress range 0.1-2.15 x 10 5 Pa. For some of the specimens, flow curves were obtained on a Dynisco LCR 7000 Series capillary viscometer.
The flow curves were given in a previous paper in this journal [1] .
An investigation was made of the rheological properties of specimens given in the table in the process of elongation under constant load at 145°C. The tensile strain was measured in a bath with silicone oil. After elongation had stopped, it was possible to determine the components of the total strain -the viscous (irreversible) component and the elastic component. Figure 1 gives deformation curves (creep) in the form of the time dependence of the logarithm of total strain. In all the figures, the numbers by the curves correspond to the numbers of the specimens in the table.
The curves are characterised by different times of strain development. It is convenient to characterise the rate of strain development by the time (in s) of achievement of a certain magnitude of strain. In this case, a sevenfold elongation (ln ε = 1.95) was selected as the limit, and the rate of achievement of this limit for the different specimens is the time in which the limit is reached under identical load and identical temperature. This was termed the "melt strain index" (MSI), by analogy with the melt flow index (MFI). Both indices are given in the table.
From Figure 1 it can be seen that HDPE (monomodal MWD) is deformed much more slowly than polymodal specimens. At the same time, from the table it can be seen that the flow of HDPE, characterised by the MFI, is no lower and occasionally is even higher than that of many polymodal specimens. Data now available on the structure of the macromolecules of the polyethylenes given in the table do not enable a reason for the indicated difference in creep rate to be formulated with any confidence.
It must be emphasised that all polymodal specimens form a fairly compact group of curves with an increased strain rate, including specimens PE100 and PE80, and also polymodal casting specimens.
The was hypothesised that obtained results concerning the deformation properties of melts, especially the differences in their strain development rate, may influence the laws governing melt flow in channels. The differences in the strain rate are evidently due to the different relaxation times of polymers. This can show up in the laws governing melt flow along channels of different length.
The number of publications on melt flow in capillaries of different length has recently increased [2] [3] [4] . Figure 2 shows the change in pressure during the flow of melts of different polyethylene grades in capillaries of different length. It can be seen that the pressure changes considerably on passing to a capillary with l/d = 30. This is characteristic, to different degrees, of all polymodal polyethylenes (extrusion and casting PE100 polyethylene, and also PE80 polyethylene). Here, normal HDPE flows with practically the same rate of growth in pressure in capillaries with l/d = 10, 20, and 30. For normal HDPE, no inflection is observed on the dependence P-l/d on passing from a capillary with l/d = 20 to a capillary with l/d = 30. In fact, with a greater rate of flow, an inflection is observed during flow of HDPE, but the magnitude of the inflection, whatever the rate, is much lower than in the case of polymodal PEs (or is absent).
Literature data indicate that, if a large number of capillaries are used, then, instead of an inflection on the dependence P-l/d, a monotonic curve bending upwards can be obtained [4, 5] .
McLuckie and Rogers [5] calculated the normal stresses in actual flow and established that the normal stresses are not constant at a constant flow rate and vary over the length of the capillary. This led them to conclude that if "the time of passage of the melt through the capillary proves to be shorter by comparison with the relaxation rate of such processes, then the applied pressure is a linear function of the capillary length" [4] . This conclusion is confirmed by our measurements: the slow development of creep of the HDPE melt means that the relaxation times are great by comparison with polymodal polyethylenes. It is evident that the long relaxation time of HDPE also leads to its residence time in the l/d = 30 capillary being shorter than the relaxation time, and the melt exits slightly relaxed, which results in a practically linear dependence P-l/d.
From this viewpoint, it is assumed that, with increase in the shear rate, velocity profile formation in the flow is accelerated. Here, with increase in the shear rate, the velocity profile arising as a result of tensile strain at entry into the capillary changes more rapidly into a near-parabolic profile, and therefore the residual tensile strains decrease more rapidly as a result of acceleration of relaxation processes. The HDPE melt now relaxes to a greater degree, which ensures a large inflection on the dependence P-l/d.
In Figure 3 , an increased expansion of the HDPE melt jet can be seen by comparison with polymodal polyethylene at exit from the capillary. This indicates more rapid relaxation of polymodal polyethylene, which determines rapid development of melt creep (Figure 1) . Processes of relaxation and velocity profile formation in the flow end within the l/d = 20 capillary. During subsequent flow along the l/d = 30 capillary, the relaxed tensile strains arising at entry into the capillary do not disrupt the velocity profile, which leads to an increase in pressure on this final section of the capillary.
From this it follows that the l/d = 20 capillary has a sufficient length to ensure relaxation in polymodal polyethylenes, but this length is inadequate for relaxation in the HDPE melt.
The observed different relaxation of polymer melts in capillaries of different length can be illustrated by observation from factory practice of polyethylene terephthalate (PET) sheet production. A line was installed for the production of PET sheet (film) by feeding melt from an extruder into a 1 m heated tube with a slit for the melt to exit. There was much wastage on account of the formation of unevennesses on the surface of the sheet. The length of the heated tube was increased to 2 m, and the slit was moved to the final metre. The melt passing along the first half of the tube managed to relax entirely, and wastage in the form of sheet unevennesses disappeared.
It is interesting to compare the results and conclusions obtained with the production of pressure tubes by extrusion of polymodal polyethylene. From the obtained data it follows that the most complete relaxation of the polymer in the walls of the extruded tube occurs precisely in polymodal polyethylene. This means that the residual tensile strains (along the tube) are minimal, which ensures considerable durability of the tube when exposed to radial stresses during service. This conclusion can serve as one of the explanations for the influence of the polymodal structure of different polyethylene grades on their durability under the action of hydraulic thrust stresses in tubes.
It is evident that the durability of tubes of polymodal polyethylene depends mainly on features of its molecular and consequently its supermolecular structure. This is indicated, for example, by the fact that PE80, having practically the same rate of strain development under load as PE100 (see Figure 1) , nevertheless is considerably inferior to the latter in terms of service properties. At the same time, the molecular structure of polymodal polymers not only ensures high durability of the tubes but also enables these polymers to realise their full potential owing to their ability to minimise residual strains during moulding of articles.
Recently, high service qualities of bimodal polyethylenes have been linked increasingly with increase in the number of communicating molecules in their lamellar crystal structure. It is possible that the presence of comonomers in the PE molecules leads to more frequent "pushing out" from the growing lamella of segments that are less stereoregular owing to the presence of comonomers. The "pushed-out" part of the macromolecule is mainly stereoregular and can again take part in the building of a neighbouring lamella. Thus, there is intensified interlamellar exchange of segments, which leads to an increase in the number of communicating molecules. The increased relaxation rate in bimodal (copolymer) polyethylenes that was noted in this work evidently promotes such intermolecular exchange of segments of macromolecules.
Thus, the increase in the relaxation (creep) rate of polyethylenes with a bimodal MWD that has been established in the work seems to be an important distinguishing feature of their combination of properties.
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